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I.  Abstract 
Modern energy concerns have resulted in the necessity to create and understand 
alternative energy sources and develop systems to effectively utilize them.  One such source is 
hydrogen, which can be utilized in a Proton Exchange Membrane Fuel Cell (PEMFC).  This fuel 
cell has moved to the forefront for adaptability to the automotive industry.  With this increased 
prominence the understanding of two-phase flow phenomena within the anode and cathode 
channels is needed.  Much research has been performed in the area of two-phase flow within 
macro, mini, and micro-channels of both circular and rectangular cross-sections.  However 
previous research has been performed with a constant water and air introduction at the beginning 
of the channel.  In a PEMFC water is introduced periodically along the length of the channel, 
resulting in more water at the end of the channel than at the beginning. A situation arises where 
the two-phase flow phenomena of the channel changes with distance, and the pressure drop 
model needs to be modified for the instantaneous flow phenomena.  Previous studies have 
attempted to provide transition equations between the observed flow regimes, and several 
approaches have been taken.   
 The two-phase flow in the gas channels of proton exchange membrane fuel cell (PEMFC) 
is studied with an ex-situ setup using a gas diffusion layer (GDL) as the sidewall of the channel.  
Air is introduced at the channel inlet with continuous uniform water introduction through the 
GDL.  This is different from that used in two-phase studies reported in literature, where the 
air/water system is introduced at the inlet of the channel simultaneously.  The GDL is 
compressed between the gas channels and the water chambers to simulate PEMFC conditions.  
Superficial velocity for air and water ranged from 33 to 3962 (make m/s) and .02 to .2 (make 
m/s) respectively.  The ex-situ cell was run in both vertical and horizontal orientations, with two 
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GDLs (Baseline and SGL25BC) and three channel treatments (hydrophobic, hydrophilic, and 
untreated Lexan).  The flow regime is observed at different locations along the channel and is 
expressed as a function of the superficial air and water velocities.  Flow regime criteria are 
developed and validated against the range of ex-situ data observations.  A new pressure drop 
calculation scheme is developed in order to account for the variation of water formations along 
the channel.  Pressure drop models are developed for specific flow regimes and validated against 
experimental data.  The final model is able to predict the pressure drop of experimental data 
within 8%. 
II. Dedication 
This work was done in conjunction with the Rochester Institute of Technology’s Thermal 
Analysis, Microfluidics, and Fuel Cell Laboratory. 
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Figure 17:  Pressure drop of WFR 0.1 mL/min and AFR 330 sccm. An increase in 
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Figure 23:  WFR 0.04 mL/min and AFR 3962 sccm.  The air flow rate remains constant 
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Figure 24:  WFR 0.02 mL/min and AFR 2311 sccm.  The pressure drop remained 
constant for the duration of the experiment. 
Figure 25:  Transition criteria developed in previous studies compared to Ex-situ data.  
Transition lines occur below 1 m/s where Ex-situ data transitions to film flow at 5 m/s. 
Figure 26:  PTFE sheet pressure validation.  Theoretical calculations are within the 
error associated with Ex-situ data. 
Figure 27:  GDL intrusion into the channel alters the cross-section, and affects the 
pressure drop of the channel. 
Figure 28:  Air flow maldistribuiton within ex-situ channels.  Outside channels show 
lower air flow rate than inside channels because compression is higher on outside 
channels and the intrusion of the GDL is increased. 
Figure 29:  Pressure drop of Baseline GDL found using the intrusion values given by 
Kandlikar et al. and that calculated to match experimental data. 
Figure 30:  The difference between experimental data and previous pressure drop 
models.  The mean percent error is 104 %. 
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Figure 31:  The variation between experimental pressure drop during slug flow and 
calculations using English and Kandlikar’s pressure drop model.  The mean percent 
error is 104%. 
Figure 32:  Comparison between Ex-situ film flow data and English and Kandlikar 
pressure drop model.  The mean percent error is found to be 30%. 
Figure 33:  Comparison between Ex-situ mist flow data and English and Kandlikar 
pressure predictions.  The mean percent error is 16%. 
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Figure 35:  Flow chart representing modeling procedure for Ex-situ pressure drop.  
Elemental water flow rate is found and the flow regime is assigned.  Flow regime 
specific pressure drop models are used to find the pressure drop of the element.  
Elemental pressure drops are summed to give the total pressure drop. 
Figure 36:  Flow regime transition criteria are used to create a flow map for the Ex-situ 
data. 
Figure 37:  Homogeneous pressure drop models versus Ex-situ experimental data. The 
model presented by Dukler gives the best agreement with a mean percent error of 8%. 
Figure 38:  Comparison of English and Kandlikar pressure drop model with the new 
pressure drop model.  The new pressure drop model has a mean percent error of 16% 
compared to the old mean percent error of 104%. 
Figure 39:  Comparison of experimental pressure drop with English and Kandlikar 
pressure drop model and the new pressure drop model.  The mean percent error of the 
new model is 4% compared to 30% with the English and Kandlikar model. 
Figure 40:  Comparing the experimental data with previous separated flow models and 
the new pressure drop model, increased agreement is found with the new pressure drop 
model.  The new mean percent error is 9 % compared to 66 % with previous pressure 
drop models. 
Figure 41:  New pressure drop model versus experimental data published by English 
and Kandlikar in 2006.  The mean percent error was found to be 4%. 
 
V. Nomenclature 
U – Superficial Velocity     (m/s) 
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L – Length       (m) 
x – Quality  
α – Aspect Ratio 
ρ – Density     (kg/m3) 
σ – Surface Tension    (N/m) 
G – Mass Flux    (kg/m2s) 
X – Martinelli Parameter 
S – Wetted Perimeter    (m) 
w – Width     (m) 
j – Total Superficial Velocity   (m/s) 
γ – Coefficient  
χ – Quality Ratioμ – Viscosity   (kg/ms2) 
Dh – Hydraulic Diameter   (m) 
ε – Void FractionK – Pressure Constant 
h – Height     (m) 
D – Diameter      (m) 
β – Volumetric Quality 
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We – Weber Number 
Re – Reynolds Number 
P – Pressure      (kPa) 
R – Hold up 
f – Friction Factor 
τ – Shear Stress    (Pa) 
A – Area      (m2) 
θ – Contact Angle 
Ф – Two-Phase Frictional Multiplier 
C – Chisholm Parameter 
λ – Parameter 
ψ – Parameter  
Po – Pousseille Number 
W – Mass Flow Rate    (kg/s) 
Q – Volumetric Flow Rate   (m3/s) 
g – Gravity      (m2/s) 
Subscripts 
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h – Header  
e – Exit  
m – Manifold  
in – Developing Flow 
s – Slug  
L – Liquid  
G – Gas  
f – Film 
T – Total  
tp – Two-Phase 
crit – Critical 
eff – Effective 
w – Cutback Weaves  
b – Bubble  
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VII. Introduction 
The PEMFC has been considered for the use within the automotive industry because of 
its high efficiency and low operating temperature (75-90 F).  This cell operates through the 
reaction between hydrogen and oxygen gas, resulting in water as the waste product.  Figure 1 
shows the standard operation of a PEMFC.  Two sets of channels, anode and cathode, sandwich 
two catalyst coated Gas Diffusion Layers, GDL, and an electrolytic membrane.  The GDL may 
also be coated with a Micro Porous Layer (MPL) to improve mass transport.  Hydrogen gases 
enter on the anode side, while corresponding oxygen gas enters on the cathode side.  Hydrogen 
diffuses through the GDL to the catalyst layer, usually platinum, where it is split into a proton 
and an electron.  The proton is able to pass through the membrane while the electron is forced to 
travel around the membrane through the collection plates, typically gold.  On the cathode side 
oxygen diffuses through the GDL to the catalyst layer where it encounters the hydrogen protons 
and reacts to form water pulling the electrons through the collection plate and completing the 
circuit.  The electrical current produced from the flow of electrons through the collection plate 
can be used to run the electric motor within a car. 
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Figure 1:  PEMFC schematic.  Hydrogen enters the Anode gas channels and oxygen enters 
through the cathode gas channels.  Hydrogen proton passes through membrane and 
combines with oxygen and electrons to from water which flows with the input gas through 
the cathode gas channels. 
Water flowing within either the anode or cathode gas channels can impair the 
performance of the cell.  Conditions in which too much water forms and collects within the 
channel results in flooding, starving the reaction and preventing the diffusion of reactant gases to 
the catalyst layer.  Conversely the condition in which too little water is present within the 
channel results in the drying out of the membrane.  The membrane is dependent on water for its 
mass transport properties and must be wet in order to transport hydrogen protons between the 
anode and cathode.  As the presence of water can impair the efficiency of the PEMFC, an 
understanding of the two-phase flow within the gas channels is critical.   
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Bosco and Fronk [1] identified the pressure drop of a PEMFC as indicative of flooding.  
This highlights the fact that the pressure drop is directly related to the conditions within an 
operating PEMFC and the two-phase flow.  An understanding of the pressure drop and the 
factors contributing to it will allow for a more efficient, longer lived PEMFC. 
VIII. Literature Search 
a. Flow Patterns of Two-Phase Flow Systems 
Much research has been done in the areas of two-phase flow phenomena in both macro 
and micro channels.  An overview of previous flow regime transition criteria is given in the 
following section.  Through various studies 4 main flow regimes, figure (2), have been found and 
studied, bubbly, slug, churn, and annular flow.  Xu et. al [2] defined the flow patterns as follows. 
 Bubbly Flow – Liquid flows as a continuous phase within the channel while gas is 
distributed as small discrete bubbles within the liquid phase.  Bubbles can be elliptical or 
spherical in shape depending on the geometry of the channel. 
 Slug Flow – Gas flows as elongated bubbles approaching the channel dimensions.  The 
gas phase is separated from the channel walls by a liquid film, while the core of the liquid flow is 
contained within slugs which separate successive gas bubbles. 
 Churn Flow – Gas bubbles breakdown and the gas phase is dispersed throughout the 
liquid phase which is confined to the channel walls.  This flow is chaotic and has time varying 
characteristics such as peaks which may block most or all of the channel temporarily.   
 Annular Flow – Also known as film flow, is characterized by the formation of a uniform 
liquid film along the channel walls.  The gas phase is continuous under this flow condition. 
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Figure 2:  Flow regime observations from Mishima and Hibiki [3].  The method of liquid 
and gas flow is pictured in each of the five images.  In cases where the flow regime may 
change appearance depending on channel size, different channel sizes are shown. 
Mishima and Hibiki [3] also observed another flow regime which they entitled annular-
mist flow.  This flow regime is characterized by the breakdown of the liquid film into small 
liquid droplets which are carried within the core gas flow.  As this flow regime occurs at high air 
velocities, it is outside the scope of previous studies and is therefore not identified in flow maps.  
However, Taitel [4] stated that annular-mist flow exhibits similar trends as those observed with 
standard annular flow, and as such can be considered with the annular flow regime. 
Chen et. al [5] studied the effect of channel diameter on flow regimes, and discovered 
that larger diameter tubes (4.26 and 2.88 mm were studied) exhibited different flow regimes to 
that of the 1.1 and 2.01 mm tubes studied.  The difference in observed flow regimes was 
attributed to the increased effect of the surface tension forces as opposed to the gravity force 
within the smaller channels. 
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To this date several flow pattern maps and transition criteria have been developed.  Those 
presented by Hibiki and Mishima [6], Ullmann and Brauner [7], Xu et. al., and Jayawardana and 
Balakotaiah [8] are shown in figure (3).  These transitions vary dramatically from each other due 
to operating conditions and inlet geometry.  As surface tension forces dominate the flow within 
mini and micro-channels flow regime transitions are different for mini and macro-channels.  The 
geometry of the inlet was also shown to cause differences between the two-phase flow 
phenomena with the gas channels by Kawahara et al. [9] and Serizawa et al. [10].   
 
 
Figure 3:  Flow regime transition criteria given by previous studies.  Transitions vary 
depending on test cell and operating conditions. 
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Taitel [5] developed what they termed the Unified Flow Model.  This model predicts the 
flow pattern based on film thickness, void fraction, viscosity, surface tension, and density of the 
phases.  This model is complex and requires knowledge of parameters that are not easily 
observed in an operating PEMFC. 
b. Pressure Drop Models 
Several approaches have been considered for the prediction of the pressure drop of two-
phase flow systems.  Theoretical and empirical models have been developed to predict the 
pressure in refrigeration systems, oil pipe lines, and heat exchangers.  Both models have had 
much success in the prediction of the systems they were designed for, however little research has 
been performed in the prediction of the pressure drop within the channels of a PEMFC.  The 
effects of the GDL wall and varying water introduction cause concerns with the applicability of 
previously developed pressure models. 
i. Force Balance 
Under conditions where the channel is blocked by liquid, slug flow, a force balance 
approach has been considered for use in the prediction of pressure drop.  Taitel and Barnea [11] 
developed a model for predicting the pressure drop within pipes.  It was observed that bubble 
length, slug length, translational velocity, film thickness, and film velocity where critical values 
for determining the pressure drop of the slug unit.  Three contributions to the pressure drop were 
modeled, hydrostatic head loss, frictional losses, and mixing losses, where the mixing losses 
were attributed to the acceleration of the slug in respect to the liquid film. 
          ( )   
    
 
               (1) 
18 
 
                     (2) 
                 (     )(      )      (3) 
          ( )   
    
 
        (     )(      )        ( )∫      
   
   
 (4) 
Where β is the incline angle, Ut is the translational velocity, Ul is the liquid velocity, Ufe is the 
film velocity, Rs is the liquid hold up in the slug unit and ε is the void fraction. Cook and Behnia 
[12] built off of the model developed by Taitel and Barnea, assuming that the liquid hold up 
within the film region increases as it approaches the slug formation.  Additional accerational 
losses due the expansion of the gas phase along the channel are accounted for within this model. 
Orell [13] simplified the models developed by Taitel and Barnea and Cook and Behnia, 
creating an empirical estimation of the pressure drop.  The parameters governing the flow within 
the pipe are estimated using an empirical model and a global momentum balance is then used to 
estimate the pressure drop of the slug unit. 
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Kim et al. [14] developed a model for the pressure drop in micro-channels associated 
with PEMFC.  Here the pressure drop was expressed as the sum of minor losses, slug losses, and 
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gas losses.  Slug losses were expressed as the sum of its gas region (film zone) and the liquid 
region.  A force balance between pressure, viscosity, wall friction, and surface tension forces was 
performed to find the slug velocity.  While slug length was related to void fraction and the time 
was estimated using the slug period. 
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The minor head losses are expressed as the sum of the expansion and contraction losses 
associated with gas flow around the slug.  It is important to note that force balance models are 
only applicable to the operating conditions in which slug flow is present. 
ii. Separated Flow 
The separated flow model is typically used to represent the pressure drop under 
conditions where the two-phases are flowing at different velocities.  This model assumes that the 
total combined pressure drop of the two phases can be expressed as the single phase pressure 
drop and a two-phase frictional multiplier.  The multiplier is found by accounting for the flow 
conditions within the channel, namely laminar or turbulent flow, viscosity, density, and mass 
flow of the two phases.  
Lockhart and Martinelli [15] proposed a correlation between the single and two-phase 
pressure drop within pipes.  In this correlation the total two-phase pressure drop is expressed as 
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the single gas phase pressure drop multiplied by a frictional multiplier (  
 ), which is a function 
of the parameter X.  The following equation for X was given along with tables to relate the 
frictional multiplier for both gas and liquid phases with the pressure drop and X. 
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In practice equation (15) is used for X as it provides a better correlation to experimental data. 
Chisholm [16] defined a theoretical basis for the Lockhart and Martinelli correlation 
where the frictional multiplier was expressed as a function of the parameter X and a new 
parameter C defined by the flow conditions of the two fluids.  Table 1 shows the values of C 
defined by Chisholm for the different flow conditions of the two phases. 
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Table 1:  Values of Chisholm Parameter (C) 
Several modifications have since been made to the theory developed by Chisholm in 
which C was redefined as a function of the hydraulic diameter, Reynolds number, and surface 
tension of the two phases. 
Mishima and Hibiki [3] observed that the value of Chisholm’s parameter (C) decreased 
with decreasing tube diameter.  Thus C was modified by equation (20) to impose dependency on 
the hydraulic diameter of the channel.  A value of 21 was used for C since it was assumed that 
the line of interaction between the two phases created turbulent flow conditions. 
    (          )                  (20) 
    (           )                                  (21) 
English and Kandlikar [17] using the same model assumed C was equal to 5 as the 
Reynolds number of the individual phases were within the laminar flow region.  Lee and Lee 
[18] developed a model that took into account the properties of the liquid phase and surface 
tension as they relate to the liquid flow.  C was then redefined as a function of these properties. 
           
           (23) 
Liquid Flow 
Conditions
Gas Flow 
Conditions
C Value
laminar laminar 5
turbulent laminar 10
laminar turbulent 12
turbulent turbulent 21
Values for Parameter C
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Saisorn and Wongwises [19] proposed a modified version of that developed by Lee and 
Lee. 
                             
             (26) 
Lee and Mudawar [20] defined C as a function of the Renyolds number and Weber 
number. 
          
         
            (27) 
Sun and Mishima [21] redefined both the Chisholm parameter (C) and the two-phase 
frictional multiplier, equation (29).   
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Models such as those presented by Lee and Lee, Saisorn and Wongwises, and Lee and 
Mudawar present a variation on the parameter C that changes directly with the velocity of water 
flow within the channel. 
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Figure 4:  The pressure drop predicted by previous models for a volumetric water flow rate 
of 0.04 mL/min with air velocity varying from 0 to 33 m/s.  The six pressure drop models 
show less than 1% variation from each for this operating condition used for the Ex-situ test 
cell. 
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Figure 5:  The Chisholm parameter for each of the pressure drop models is shown.  While 
the value of C changes from 0.1 to 8, it does not have a large effect on the pressure drop. 
0 5 10 15 20 25 30 35
0
1
2
3
4
5
6
7
8
Air Velocity (m/s)
C
 V
a
lu
e
Comparison of Parameter C
 
 
Mishima and Hibiki
English and Kandlikar
Lee and Lee
Saisorn and Wongwises
Lee and Mudawar
Sun and Mishima
25 
 
 
Figure 6:  The two-phase frictional multiplier shows minor variation for the range of 
operating conditions.  At low air velocities the variation approaches 15% while at high air 
velocities the variation is less than 1%. 
Figures (4) through (6) show how the pressure drop, Chisholm Parameter, and frictional 
multiplier vary with air velocity.  While the pressure drop models discussed give different values 
of C across the range of the experiment, the difference in values does not dramatically alter the 
two-phase frictional multiplier or the two-phase pressure drop.  
Walsh et. al [22] modeled slug flow within a capillary by modifying the Pousielle number 
(Po).  The new value of Po is expressed as a combination of the gas flow and the interfacial 
effects between the gas and liquid.  The interfacial effects are expressed as a function of the 
capillary number, equation (30), and is due to the Taylor flow. 
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+
    
         (30) 
  Kruetzer et al. [23] created a modified friction factor using the mixture velocity (Um) and 
the void fraction (ε).  This model assumed that the volume ratio was constant and the slug length 
did not change.  Molla et. al [24] introduced modifications to Um and the slug length to account 
for the expansion of the gas bubble along the length of the channel, equations (65) to (67). 
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 ⁄
]         (31) 
                  (32) 
   
           
  
 (   )         (33) 
In order to solve these equations the void fraction and slug length need to be known.  In general 
this is not possible to visualize, and as such these models are limited in their applicability. 
iii. Homogeneous Flow 
Homogenous flow models are used when both phases are flowing together at the same 
velocity.  The homogeneous flow pressure drop can be expressed as follows. 
   
       
     
            (34) 
    *
 
  
 
(   )
  
+
  
          (35) 
The two phase viscosity has been represented by several different models that have been 
summarized by Saisorn and Wongwises [25]. 
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Figure 7:  The pressure drop is calculated for a water volumetric flow rate of 0.04 mL/min 
with air velocities ranging from 0 to 33 m/s.  The models presented by Chichitti and Beattie 
are significantly higher than those presented by McAdams, Lin, and Dukler. 
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Figure 8:  The viscosity models presented by Chichitti and Beattie give higher viscosities 
than those given by McAdams, Lin, and Dukler. 
Friedel [26] developed a homogenous flow model that used a two phase frictional 
multiplier based on the combined Froude and Weber numbers. 
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Figure 9:  The pressure drop is found for air velocities from 0 to 33 m/s for all four water 
volumetric flow rates used in Ex-situ testing.  The pressure drop calculated by Friedel was 
found be 100 times higher than that observed with other pressure drop models. 
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Figure 10:  The two-phase frictional multiplier given by Friedel was found to be 100 times 
higher than the two-phase multiplier given by separated flow models. 
VI. Experimental 
a. Ex-Situ Setup 
The experiments dealing with the flow pattern, pressure drop, and air flow rates were 
carried out using the Ex-Situ setup shown in figure (11), and fully discussed by Lu et al [27].  
The Ex-Situ cell is not an operating PEMFC as it functions without the electrochemical reaction.  
Instead the water production in of an operating PEMFC was simulated by injecting water 
through the GDL pores. 
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Figure 11:  Experimental schematic of the Ex-situ test cell given by Lu et al. [27].  Pressure 
drop data is recorded by the DAQ device for all 8 channels and the overall cell. 
Air enters from the building line and is purified using a zero air generator.   The air then 
enters a bank of Omega rotameters.  For air flow rates below 2000 sccm an Omega 3804G 
rotameter was used with an accuracy of +/- 5% of the maximum flow rate (2300 sccm) 
corresponding to +/- 115 sccm.  Air flow rates above 2000 sccm were controlled with an Omega 
3508ST rotameter with an accuracy of +/- 5% of the maximum flow rate (7500 sccm) 
corresponding to +/- 375 sccm.  Deionized water was injected into the test stand via four Harvard 
syringe pumps attached to four individual water chambers to simulate the current density of 
PEMFC.  The four water chambers, pictured in figure (12), allow for an even water pressure 
along the length of the channel, as one water chamber would create a situation where the water 
would predominately enter and concentrate at the end of the gas channels.  Water was 
transported from the water chambers through the GDL pores into the channels.  Eight Honeywell 
FP2000 accuracy +/- 0.25% (0.04 kPa) for a range of 0-15 kPa  differential pressure sensors are 
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attached to the entrance region of each of the 8 channels, and a Honeywell Sensotec FDW2AT 
pressure sensor accuracy +/- 0.25% (0.09 kPa) for a range of 0-35 kPa at the entrance header.  
The total pressure drop across the channels is measured using the Honeywell Sensotec 
FDW2ATpressure sensor located in the header, while the exit manifold was left open to 
atmospheric pressure.  The eight Honeywell FP2000 pressure sensors located in the entrance 
region of the gas channels are used to approximate the air flow rate within each individual gas 
channel and are discussed in the following section.  A Photron high speed camera is used to 
visualize the flow phenomena within the channels, illuminated by a halogen dual fiber optic 
source.  Videos are recorded with 1024x1024 resolution and frame rates of 60 to 2000 fps.   
 
 
Figure 12:  Cross-section of Ex-situ test cell showing the water chambers GDL and gas channels.  
The cell is held together under a compression of 2068 MPa (300 psi). 
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The gas channels are machined in Lexan, which provides visually clarity for the high 
speed camera.  The channel dimensions are 0.4 x 0.7 x 182 mm with a 0.5 mm land between 
each channel, pictured in figure (13).  A five degree cutback weave is machined into the Lexan 
for both the water chambers and air channel.  The water chambers weave is offset from that of 
the air channels to avoid the mechanical shear on the GDL layer that is associated with the use of 
straight channels.   
 
Figure 13:  A cross-section of the channel geometry of the Ex-situ test cell.  The lands are 
0.5 mm and the channels are 0.4 x 0.7 mm. 
The GDL and gasket material used in this experiment were provided by General Motors and are 
summarized in table (2).  The test section is assembled under a compression of 2068 kPa (300 
psi) resulting in a 20% of the GDL. 
 
Table 2:  Summary of GDL samples used in Ex-situ testing. 
The cell is maintained at ambient conditions, approximately 24 C, and tested over a wide 
range of inputs shown in table (3), corresponding to typical PEMFC current densities for various 
stoichiometric ratios ranging from 1 to 45.  Data is acquired after the system has reached a steady 
state for a time frame exceeding 10 minutes.   
GDL MPL Thickness
SGL25-BC Yes 250 um
Baseline Yes 230 um
Air Channel  
0.5 mm 
0.7 mm 
0.4 mm 
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Table 3:  Ex-situ test parameters.  The water flow rate corresponded to 4 simulated current 
densities.  Each current density was tested over a range of air flow rates.  All gas flow was 
within the laminar flow region. 
 All operating conditions were tested for both GDL samples for both horizontal and 
vertical cell orientations.  The GDLs were also tested under these operating conditions for 
hydrophobic, hydrophilic, and untreated channels.  As no significant difference was noticed 
between these tests, all cell conditions (channel treatment and orientation) are used for the 
development of the pressure drop model. 
b. Entrance Region Pressure Drop 
The entrance region pressure sensors were used to approximate the air flow rate within 
each channel through a correlation developed using a PTFE sheet inserted in place of the GDL.  
As the PTFE sheet prevents the cross-over of gas flow into the water chambers, individual 
channels can be closed off using a dowel pin, directing the air flow through one channel.  Figure 
(14) shows the entrance region setup of the Ex-Situ channels, complete with pressure sensor and 
dowel pin locations.  The entrance region pressure of each channel is recorded for air flow rates 
varying from 33 to 4000 sccm.  Plotting the entrance region pressure against the air flow rate 
gives a polynomial that can be used to estimate the individual channel air flow rates during 
testing.   
Water Flow 
Rate 
(mL/min)
Current 
Density 
(A/cm2)
Superficial 
Water Velocity 
(m/s)
Air Flow Rate 
(sccm)
Superficial 
Air Velocity 
(m/s)
Air Reynolds 
Number
0.02 0.2 1.50E-04 66-3962 .5-29.5 14.8-891
0.04 0.4 3.00E-04 132-3962 1-29.5 29.7-891
0.1 1 7.40E-04 330-3962 2.5-29.5 74.2-891
0.2 2 1.50E-03 660-3962 4.9-29.5 148.3-891
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Figure 14:  Ex-situ gas channel setup.  Air enters the gas channels through the header (1) 
and entrance region pressure losses are recorded by 8 pressure sensors (3) located in the 
entrance region.  The air flow can be shut off in individual channels using the dowel pins 
(4).  The channel cutback weaves (6) correspond to offset weaves in the water chamber to 
prevent mechanical shear on the GDL.  The overall pressure drop of the cell is recorded 
using the differential pressure sensor (2).  The end of the channel is left open to atmosphere 
(7) and the gas/liquid mixture exits through the manifold (8).  Alignment of the cell is 
insured by the alignment pin (5). 
IX. Experimental Results 
a. Flow Patterns 
Three flow patterns were observed during Ex-situ testing.  Unlike previous flow regime 
modeling discussed earlier bubbly and churn flow are not observed, while mist flow is observed 
at higher air flow rates.   
Slug Flow – Characterized by large water formations in the channel where liquid water emerging 
from the GDL grew to the width of the channel.  While visualization of the liquid slugs filling 
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the height of the channel could not be obtained, it can be assumed that the slug contacted the top 
of the channel during formation as the width of the channel is larger than its height.  The slugs 
were observed to grow in size before reaching a critical size (varies depending on pore location 
and operating conditions) and accelerating down the channel.  Higher air flow rates resulted in 
smaller slugs and thusly a faster transition to film flow, while higher water flow rates resulted in 
larger slugs and a slower transition to film flow.  Liquid slugs were observed to form in multiple 
channels simultaneously, and in several instances liquid slugs were observed to form in multiple 
locations within the same channel.   
 
Figure 15:  Slug flow at WFR 0.04 mL/min and AFR 264 sccm. Four slugs were observed in 
the channels in this image taken above water chamber 3.  The slugs are seen to grow to the 
width of the channel, blocking the gas flow. 
Slug formations were observed within the air flow rate signature of each channel as a 
drop in air flow rate, followed by a rise as the slug was accelerated and dissolved to film flow.  
When one channel’s air flow rate dropped, the other channels experienced a higher air flow rate 
Liquid Slugs 
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maintaining a constant total flow rate.  When the forming slug reaches a large enough size it 
begins to move as the drag force on the water exceeds the adhesion force on the sidewalls and 
GDL, and the air flow rate begins to increase.   
 
Figure 16:  Channel Air Flow Rates under WFR 0.1 mL/min and AFR 330 sccm.  A drop in 
air flow rate is seen in one of the channels at 150 seconds while the other channels show a 
slight increase in air flow rate.  The slug clears the channel at 300 seconds and the air flow 
rate of all channels returns to normal.  The total air flow rate is observed to remain 
constant. 
The pressure drop associated with the formation of liquid slugs in the channels was 
observed as a jump when the slug formed and was followed by a drop in the pressure as the slug 
began moving down the channel.  A large drop in the pressure drop was observed when the slug 
dissolved into film flow or was expelled from the end of the channel.  As multiple slugs were 
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present at a time, the pressure drop was often obscured by erratic spikes, making it difficult to 
predict slug flow solely on the pressure drop response. 
 
Figure 17:  Pressure drop of WFR 0.1 mL/min and AFR 330 sccm. An increase in pressure 
drop is seen at 100, 350, and 475 seconds corresponding to the formation of liquid slugs 
within the gas channels.  The corresponding drop in pressure at 250, 360, and 530 seconds 
occurred as the slug exited the channels. 
 
Film Flow – Also known as annular flow, was observed to take place when the liquid phase 
collected on the sides of the channel.  Little to no water was observed on the top surface of the 
channel (surface viewed by camera).  During film flow droplets were observed forming on the 
GDL surface before separating and collecting on the channel walls.  Film flow was observed to 
have two methods of flow.  One, taking place at lower air flow rates, showed a large leading 
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edge, bordering on slug flow, with a long trailing tail tapering to zero thickness, figure (19).  The 
second flow style showed a constant film thickness along the walls and tended to take place at 
higher air flow rates, figure (18). 
 
Figure 18:  WFR 0.1 mL/min AFR 1651 sccm.  Water collects along the channel walls as a 
uniform thin film.  This image shows the liquid film at the exit manifold. 
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Figure 19:  WFR 0.1 mL/min 991 sccm.  At lower air flow rates the liquid water does not 
form a thin film, but also does not block the entire channel. 
Film flow was observed to cause repeated fluctuations in the air flow rate.  As the air 
flow rate increased the fluctuations became smaller and quicker.  The constant frequency 
associated with the air flow rate is due to a combination of droplet formations and propagating 
waves along the wall due to droplet collection.  The constant change in cross-sectional area of 
the gas flow causes a continually fluctuating air flow rate measurement.  Larger fluctuations in 
the air flow rate were attributed to the collection of water at the exit manifold. 
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Figure 20:  WFR 0.04 mL/min and AFR 1981 sccm.  Fluctuations in the air flow rate are 
attributed to droplet formations on the GDL surface.  As the droplet moves to the channel 
wall the air flow rate spikes. 
As observed with air flow rate measurements, small fluctuations were observed in the 
pressure drop.  The fluctuations, attributed to water droplets, were not consistent over the 
duration of the test as pores would become active or inactive and droplet frequency would 
change.   
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Figure 21:  WFR 0.04 mL/min and AFR 1981 sccm.  The fluctuations in the pressure drop 
are attributed to droplet formations within the gas channels.  Three distinct patterns are 
observed corresponding to three different active pores. (0-150 seconds, 150-350 seconds, 
and 350 to 550 seconds). 
 
Mist flow – During mist flow no water accumulation was observed within the channels.  Water 
was removed from the GDL as tiny droplets, on the order of the pore size, and carried within the 
core air flow. 
44 
 
 
Figure 22:  Mist Flow at WFR 0.02 mL/min and 3000 sccm.  Water is removed from the 
GDL as tiny droplets not visible during imaging. 
 
 During this flow pattern the air flow rate was observed to stay constant.  No fluctuations 
were observed in the air flow rate as was expected as no significant water formation was present 
within the channel. 
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Figure 23:  WFR 0.04 mL/min and AFR 3962 sccm.  The air flow rate remains constant for 
all channels for the duration of the test. 
 
 
 The pressure drop of mist flow showed the same characteristic as its air flow rate.  The 
pressure drop remained constant across the range of the experiment, with little to no fluctuation. 
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Figure 24:  WFR 0.02 mL/min and AFR 2311 sccm.  The pressure drop remained constant 
for the duration of the experiment. 
b. Flow Pattern Maps 
Using video correlations dominant flow regimes were identified for each GDL material, 
orientation, and channel treatment across the range of experimentation.  It was observed that the 
flow regimes were not significantly different for the different GDLs, channel treatments, and 
orientations.  As such no distinction between the GDLs or channel properties was made during 
analysis. 
A major point of discussion regarding the flow regime within the channels was that as the 
length of the channel was traversed, more water was introduced via the GDL interface.  The 
effect of this phenomena was that the dominant flow regime changed along the length of the 
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channel, and thusly flow regime mapping had to be performed for each water chamber 
independently in order to correctly identify the flow regimen present at that location.  Ex-Situ 
flow regime maps were developed using imaging done during experimentation.  Since the entire 
channel couldn’t be observed simultaneously, the flow regime that appears most frequently 
during testing is used for mapping. 
 
Figure 25:  Transition criteria developed in previous studies compared to Ex-situ data.  
Transition lines occur below 1 m/s where Ex-situ data transitions to film flow at 5 m/s. 
 Ex-situ data is compared to transition criteria developed during previous studies in figure 
(25).  Previous transition criteria shows transition to annular flow around 1 m/s whereas Ex-situ 
data transitions to film flow at 5 m/s.  The differences between previous transitions and Ex-situ 
observations is attributed to the method of water introduction.  As the water is not introduced at 
the entrance of the channel, but instead continuously along the length of the channel, the two-
phase flow phenomena are expected to be different according to Kawahara et al. 
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c. Single-Phase Pressure Modeling and Validation 
The pressure drop of air flowing through a rectangular channel can be represented by 
equation (50). 
    
     
   
           (50) 
  
  
  
          
   
 
          (51) 
  
 
 
                 
   
   
        (52) 
      (                                             )  (53) 
                (54) 
The pressure drop of the gas phase was calculated using the above equations and 
compared to the experimental pressure drop of the single phase gas flow with the PTFE sheet.  
The input air flow rate was varied from 107-6000 sccm.  As the pressure drop in each channel is 
equal, the input flow rate was divided by 8 to obtain the average flow rate within each channel.  
In addition to the frictional pressure drop expressed by the above equations, the minor 
head losses were needed to complete the calculation of the total pressure drop.  The minor head 
losses are due to the entrance header, channel weaves, exit manifold, and entrance region 
pressure. 
                               (55) 
    
   
  
 
                         (56) 
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Kh and Ke are found assuming a sudden contraction in the case of the header and a 
sudden expansion in the case of the exit manifold and are 0.5 and 1 respectively.  The pressure 
drop due to the cutback weaves (ΔPw) was determined to be less than 1% of the final pressure 
drop and thusly was excluded from calculations. 
The pressure drop of the cell with the plastic sheet was calculated and plotted in figure 
(26).  The percent error between the theoretical pressure drop and the experimental was 
calculated from equation (95).  The mean percent error was found to be 8%. 
          |
                       
        
|       (61) 
The error bars associated with the theoretical pressure drop were found using the error 
associated with the rotameters.  The rotameters were accurate within 5% of the maximum value 
of the rotameters, the low rotameter has a maximum value of 2300 sccm and the high rotameter 
has a maximum value of 7500 sccm, resulting in errors of +/- 155 (0.25 kPa) and +/- 375 (2.5 
kPa) sccm respectively.  The maximum error occurs at high air velocities.  These air velocities 
are beyond the traditional testing performed with the Ex-Situ cell and it is still reasonable to 
assume that the pressure drop recorded is still validated. 
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Figure 26:  PTFE sheet pressure validation.  Theoretical calculations are within the error 
associated with Ex-situ data. 
The next step in the validation of the pressure drop model was to check the theoretical 
single phase pressure drop against the experimental pressure drop with a GDL in place of the 
PTFE sheet.   Kandlikar et al. [28] identified that under compression the GDL intrudes into the 
channel altering the hydraulic diameter and obstructing the air flow, figure (27).   
 
Figure 27:  GDL intrusion into the channel alters the cross-section, and affects the pressure 
drop of the channel. 
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Figure (28) shows a plot of the air flow rate within the 8 channels.  It was observed that 
the air flow rate in the outer channels was lower than that in the inner channels.  This is due to 
the compression of the cell, the outer edges of the cell were clamped and thusly the highest 
compression was in the outer channels.  The higher compression caused more intrusion into 
these channels, reducing the air flow rate.  It was also noted that since GDLs are inconsistent in 
makeup, with varying pore sizes and elastic modulus, the intrusion from one sample to another is 
not necessarily constant.   
 
Figure 28:  Air flow maldistribuiton within ex-situ channels.  Outside channels show lower 
air flow rate than inside channels because compression is higher on outside channels and 
the intrusion of the GDL is increased. 
This creates problems when assuming a value for intrusion, however the minimum, 
maximum, and average value from Kandlikar et al. was compared to the experimental pressure 
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drop.  The pressure drop was measured with a GDL sample and a piece of Teflon tape between 
the water chambers and the GDL to prevent the cross-over of gas flow into the water chambers. 
The maximum intrusion found was 45.2 um, while the minimum was found to be 22.6 
um.   The average intrusion for all 8 channels was found to be 37.6 um.  These values did not 
accurately predict the pressure drop found during testing, and an intrusion was found using a 
mean squared difference approach.  The calculated value for intrusion was 15.9 um and this 
value was used for all further calculations. 
 
Figure 29:  Pressure drop of Baseline GDL found using the intrusion values given by 
Kandlikar et al. and that calculated to match experimental data. 
Two-Phase Pressure Modeling 
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 Ex-situ pressure drop data was next compared to pressure drop models developed in 
previous studies.  Figure (30) shows the comparison of experimental data to the previously 
developed pressure drop models.  Experimental data has a mean percent error of 66% when 
compared to theoretical calculations. 
 
Figure 30:  The difference between experimental data and previous pressure drop models.  
The mean percent error is 104 %. 
 Separating the data by the flow regime shows the variation between experimental data 
and previous pressure drop models as the flow regime changes.  The mean percent error between 
the model developed by English and Kandlikar and slug flow pressure drop data is 104%.  The 
mean percent error for film flow is 30%, and the mean percent error of mist flow is 16%.  
Figures (31) to (33) show the variation between experimental data for each flow regime and the 
theoretical calculations. 
0 5 10 15 20 25 30 35
0
5
10
15
20
25
30
35
Superficial Air Velocity (m/s)
P
re
s
s
u
re
 D
ro
p
 (
k
P
a
)
WFR 0.02 mL/min
 
 
English and Kandlikar
Mishima and Hibiki
Saisorn and Wongwises
Experimental
0 5 10 15 20 25 30 35
0
5
10
15
20
25
Superficial Air Velocity (m/s)
P
re
s
s
u
re
 D
ro
p
 (
k
P
a
)
WFR 0.04 mL/min
 
 
English and Kandlikar
Mishima and Hibiki
Saisorn and Wongwises
Experimental
0 5 10 15 20 25 30 35
0
5
10
15
20
25
Superficial Air Velocity (m/s)
P
re
s
s
u
re
 D
ro
p
 (
k
P
a
)
WFR 0.1 mL/min
 
 
English and Kandlikar
Mishima and Hibiki
Saisorn and Wongwises
Experimental
0 5 10 15 20 25 30 35
0
5
10
15
20
25
30
Superficial Air Velocity (m/s)
P
re
s
s
u
re
 D
ro
p
 (
k
P
a
)
WFR 0.2 mL/min
 
 
English and Kandlikar
Mishima and Hibiki
Saisorn and Wongwises
Experimental
54 
 
 
Figure 31:  The variation between experimental pressure drop during slug flow and 
calculations using English and Kandlikar’s pressure drop model.  The mean percent error 
is 104%. 
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Figure 32:  Comparison between Ex-situ film flow data and English and Kandlikar 
pressure drop model.  The mean percent error is found to be 30%. 
 
Figure 33:  Comparison between Ex-situ mist flow data and English and Kandlikar 
pressure predictions.  The mean percent error is 16%. 
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X. Analysis 
a. Ex-situ Channel Elements 
The air-water system presents several immediate problems when it comes to modeling 
the pressure drop. 
1) Water is introduced along the entire length of the channel.  Zero water flow at the 
entrance and total water flow at the exit. 
2) The increase of water flow along the channel requires knowledge of the instantaneous 
flow regime. 
3) The pressure drop model changes for each flow regime. 
In order to solve the first issue water introduction is assumed to be linear, with no water 
at the beginning of the channel and the total water flow at the exit of the channel. Using this 
assumption the average water flow rate within the channels is calculated in equation (96). 
   
     
 
           (62) 
Averaging across the entire channel limits the ability to use flow regimes to predict the 
pressure drop.  Using one average for the channel provides only one flow regime, and thus one 
pressure drop model for that channel.  However since water was introduced along the entire 
length of the channel the flow regime may transition from mist to film to slug flow depending on 
location.  In order to provide a more accurate representation of the flow regimes and pressure 
drop the channel was divided into elements. 
57 
 
Each water chamber was divided into three elements, and the average water flow rate in 
each segment was used to evaluate the flow regime within that element.  This created 12 
elements in which the pressure drop was calculated independently and then summed to give the 
total pressure drop across the water chambers.  A 13
th
 element was added to evaluate the single 
phase pressure drop at the channel entrance and a 14
th
 element is added for the end of the 
channel where the total water flow is present.  Element 13 and 14 are 20 mm in length while the 
other 12 elements are 13.83 mm in length.  Figure (34) illustrates the elements and their water 
flow rates as they relate to the evaluation of the pressure drop. 
GAS CHANNELS
GDL
1 11 2 3 42 3 42 3 4
Element 1
Element 2
Element 3
Entrance Region Exit Region
 
Figure 34:  Elements used in ex-situ analysis.  There are 3 elements for each of the water 
chambers giving 12 elements for the introduction of water.  Two more elements represent 
the entrance and exit regions. 
b. Pressure Drop Modeling Approach 
It is proposed that the pressure be modeled using the following outlined approach.  Figure (35) 
shows a flow chart of the calculation procedure. 
1) Using the input water flow rate each of the elements is assigned a water velocity.   
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2) Flow regime transition criteria are then used to determine the gas transition velocities 
for the flow regimes, and are compared to the input air velocity for the assignment of 
flow regimes.   
3) A corresponding pressure drop model is used to find the two-phase frictional 
multiplier of the element and is multiplied by the single-phase gas pressure drop of 
the element.   
4) Steps 2 and 3 are repeated for all 14 elements and the pressure drop of each element 
is summed. 
5) Additional head losses for the entrance header, exit manifold, and developing flow in 
the single-phase region are calculated and summed with the elemental pressure drop 
to obtain the total pressure drop of the cell. 
 
Figure 35:  Flow chart representing modeling procedure for Ex-situ pressure drop.  
Elemental water flow rate is found and the flow regime is assigned.  Flow regime specific 
pressure drop models are used to find the pressure drop of the element.  Elemental 
pressure drops are summed to give the total pressure drop. 
 
c. Flow Regime Transitions 
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New transition criteria were defined using the dominant forces of each flow regime.  Slug flow 
was dominated by surface tension as the liquid phase blocks the channel, and the Weber number 
was used to represent this flow regime.  Film flow was dominated by the viscous forces between 
the gas and liquid phases, and the Reynolds number was used to represent this flow regime.  Mist 
flow was dominated by the gas phase overcoming the liquid phase, and was represented by the 
ratio of the viscous gas force and the surface tension.   
Comparing the dominant forces of the slug and film flow regimes gives equation (63).  
When solved for the viscosity ratio the right hand side of equation (64) compares the gas inertial 
force to the surface tension force.  Equation (65) was weighted in order to match ex-situ 
observations. 
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 As with the transition from slug to film flow, the transition from film to mist flow is 
found by comparing the dominant forces of the two flow regimes, equation (66).  Solving for the 
viscous ratio the right hand side of equation (67) becomes a comparison between the gas phase 
forces (inertial and viscous) to the liquid phase forces (inertial and surface tension).  Equation 
(68) is weighted in order to match ex-situ observations. 
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Figure 36:  Flow regime transition criteria are used to create a flow map for the Ex-situ 
data. 
Flow regime transitions are plotted in figure (36) and compared to Ex-situ observations.  The 
new transition criteria agree with Ex-situ observations and can be used in conjunction with the 
elemental water flow rate to identify the gas velocity where the transition will occur.  Comparing 
this transition gas velocity to the gas velocity of the channel gives the flow regime of the 
element. 
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Table 4:  Water flow rate of 0.02 mL/min and air flow rate of 528 sccm.  The gas transition 
velocity for slug-film and film-mist flow are found for each element and compared to the 
input gas velocity.  A transition from film to slug flow is observed between elements 8 and 
9. 
Table (4) shows the analysis of the flow regime within each element.  The water velocity for 
each element was found and the transition gas velocity was calculated for each element.  
Comparing the input gas velocity with the transition velocities gives the flow regime of the 
element.  For the case where the water flow rate is 0.02 mL/min and the air flow rate is 528 sccm 
the transition from film to slug flow occurs between elements 8 and 9. 
d. Homogeneous Modeling of Mist Flow Regime 
As the pressure drop observed during mist flow was over predicted by separated flow 
models by an average of 16%, a homogenous model was proposed for use.  The experimental 
pressure drop is compared with the pressure drop predicted from the different viscosity models 
discussed previously. 
Element
Entrance Water 
Velocity (m/s)
Exit Water Velocity 
(m/s)
Element Water 
Velocity (m/s)
Slug-Film Transition 
Velocity (m/s)
Film-Mist Transition 
Velocity (m/s)
Flow Pattern
1 0 0 0 - - Single
2 0 1.24E-05 6.20E-06 1.95 7.73 Film
3 1.24E-05 2.48E-05 1.86E-05 2.63 10.95 Film
4 2.48E-05 3.72E-05 3.10E-05 3.02 12.87 Film
5 3.72E-05 4.96E-05 4.34E-05 3.31 14.32 Film
6 4.96E-05 6.20E-05 5.58E-05 3.55 15.50 Film
7 6.20E-05 7.44E-05 6.82E-05 3.75 16.52 Film
8 7.44E-05 8.68E-05 8.06E-05 3.92 17.42 Film
9 8.68E-05 9.92E-05 9.30E-05 4.08 18.23 Slug
10 9.92E-05 1.12E-04 1.05E-04 4.22 18.96 Slug
11 1.12E-04 1.24E-04 1.18E-04 4.35 19.64 Slug
12 1.24E-04 1.36E-04 1.30E-04 4.47 20.28 Slug
13 1.36E-04 1.49E-04 1.43E-04 4.59 20.87 Slug
14 1.49E-04 1.49E-04 1.49E-04 4.64 21.15 Slug
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Figure (37) shows the comparison between the various homogeneous models and the 
experimental pressure drop.  From observations the model presented by Dukler et al. [29] was 
found to predict the pressure drop the best, with a mean percent error of 8%. 
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Figure 37:  Homogeneous pressure drop models versus Ex-situ experimental data. The 
model presented by Dukler gives the best agreement with a mean percent error of 8%. 
e. Empirical Modeling of Slug Flow Regime 
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The force balance approaches discussed previously were specifically created to deal with the 
pressure drop associated with slug flow.  However, there are several complications using these 
models as many of the parameters, perimeter, void fraction, liquid area, etc. are not know.  These 
parameters were not observed during Ex-situ testing and as a result force balance models are 
impractical for calculating the pressure drop of slug flow. Due to the success of previous 
studies in predicting the two-phase pressure drop using modifications to the Chisholm parameter 
(C) in conjunction with the separated flow model, a modification to the parameter C was 
proposed to predict the pressure drop associated with slug flow.  Lee and Lee identified four 
dimensionless parameters that define the liquid flow properties, λ, ψ, G, and ReL.  As gravity 
forces are negligible in micro-channels, Chen et al., this term was dropped and λ, ψ, and ReL 
were used to find a new C value for slug flow.  Ex-situ observations show that as the air velocity 
increases the value of C must decrease in order to obtain the experimental pressure drop.  This 
observation suggests that the parameter C is dependent upon the mass quality (x) of the two-
phase flow in the gas channels, and was used as a fourth parameter in the evaluation of C.  The 
values for A, r, q, b, and c were found using the slug flow data from both GDLs across all the 
water flow rates observed during testing.  The C values are calculated to reduce the error 
between experimental and theoretical pressure drop data.  The mean percent error associated 
with the new pressure drop model is 14%.   
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Figure (38) shows the experimental pressure drop versus the model developed by English and 
Kandlikar and the new pressure drop model.  
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Figure 38:  Comparison of English and Kandlikar pressure drop model with the new 
pressure drop model.  The new pressure drop model has a mean percent error of 16% 
compared to the old mean percent error of 104%. 
f. New Empirical Modeling of Film Region 
While the current models are adequate to predict the film flow region, a new film flow 
model is developed similar to the slug flow model.  This model allows for the value of C to 
change from that present at the end of the slug flow regime to one that provides a pressure drop 
close to that of homogeneous flow.  The value of the parameter C was found using the same 
method as that used for slug flow, and the modified value of C is given by equation (103). 
          
                               (74) 
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Figure 39:  Comparison of experimental pressure drop with English and Kandlikar 
pressure drop model and the new pressure drop model.  The mean percent error of the new 
model is 4% compared to 30% with the English and Kandlikar model. 
The new model of the value of C provides for a better prediction of the film flow pressure drop 
with a mean percent error of 4% compared to 30% with the model developed by English and 
Kandlikar. 
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g. Final Flow Analysis 
Using the above flow transition criteria, each element of the channel was assigned a flow 
regime and a corresponding pressure drop model was used to model that element.  Each element 
was then summed and a total pressure drop was obtained.  The new theoretical pressure drop was 
then plotted against the experimental values in figure (40). 
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Figure 40:  Comparing the experimental data with previous separated flow models and the 
new pressure drop model, increased agreement is found with the new pressure drop model.  
The new mean percent error is 9 % compared to 66 % with previous pressure drop 
models. 
Agreement between experimental data and theoretical pressure drop values were 
improved with the new pressure drop model.  The mean percent error was found to 9% compared 
to the 66% mean percent error with previous pressure drop models. 
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The new pressure drop model was compared to data published by English and Kandlikar 
in 2006.  Four gas velocities (3.19, 6.75, 7.58, and 9.51 m/s) were tested across a range of mass 
qualities from 0.1 to 1.  A mean error of 4% was observed between this data. Figure (41) shows 
the pressure drop data published by English and Kandlikar plotted against the new pressure drop 
model.   
 
 
Figure 41:  New pressure drop model versus experimental data published by English and 
Kandlikar in 2006.  The mean percent error was found to be 4%. 
XI. Conclusions 
The difference observed between previously developed models and Ex-situ data is due to the 
method of liquid introduction into the channels.  The continuous introduction along the channel 
length was different to that used in previous studies and was found to have an impact on the 
pressure drop within the channels.  In addition the changing of the flow regime along the length 
of the channel was different from previous studies, as a constant flow regime was observed. 
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The development of a flow regime dependent pressure drop model is essential to 
accurately predict the pressure in the cathode channels of a PEMFC.  In the pursuit of this, video 
observations are employed to identify the flow phenomena within the channels during each test.  
From these videos flow regime maps were created allowing for the identification of the flow 
regime most commonly associated with each air and water flow rate.  The maps are created for 
the overall input into the channels.  Inter-channel transitions are also considered in the 
development of the transition regions allowing for a more accurate prediction method.   
It is also noted that while there is a lot of variation in the recorded pressure drop, the 
general trend is for slug flow to have higher pressure drop than film flow, and film flow to have a 
higher pressure drop that mist flow.  This is observed to be related to how the water formations 
react with the gas flow, causing spikes or fluctuations.  Therefore the models developed by Lee 
and Lee and modified by Saisorn and Wongwises are used for the basis of the new slug and film 
models.  This model is a function of the parameters defining the liquid flow within the channels.  
A modification of the exponents and constant for both the film and slug regions creates a new 
model that better predicts the pressure drop with a reduced mean percent error, 16% and 4% 
respectively.  A homogenous model developed by Dukler is used to predict mist flow.   
The model was created using both the Baseline and SGL25-BC GDLs with both 
horizontal and vertical orientations.  Hydrophobic, hydrophilic, and untreated channels are also 
used in the development of these models.  No significant difference was observed in the pressure 
drop or flow regimes with varying orientation, channel properties, or GDLs. 
The current model is capable of predicting the pressure drop and flow regime of the 
cathode channels.  This allows for the instantaneous prediction of the flow regime along the 
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length of the channel as a function of the velocity of the liquid and gas phase.  Furthermore it 
allows for the instantaneous prediction of the pressure drop along the length of the channel, and 
can be used to evaluate increase wear on the GDL and membrane of the PEMFC.  Further study 
is needed in the validation of this model with the flow regimes and pressure drop observed in an 
operating PEMFC. 
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